Objective: We undertook a best-evidence synthesis on the incidence, risk factors and prevention of mild traumatic brain injury. Methods: Medline, Cinahl, PsycINFO and Embase were searched for relevant articles. After screening 38,806 abstracts, we critically reviewed 169 studies on incidence, risk and prevention, and accepted 121 (72%).
INTRODUCTION
Traumatic brain injury (TBI) is an important global public health problem as a major cause of traumatic death and disability (1, 2) . The spectrum of severity of TBI varies, but most TBI is classified as mild traumatic brain injury (MTBI), based on clinical and surveillance definitions (2) . Over the years, a plethora of reports have appeared in the scientific literature estimating the incidence of MTBI, investigating risk factors for the condition and recommending preventive strategies to lessen the burden of MTBI. From a public health perspective, it is important to know the incidence of a condition in order appropriately to plan healthcare policy and provision. Furthermore, determining what factors increase the risk of MTBI is necessary to develop public health programs to prevent the problem and lessen the likelihood of disability.
The main objective of our task force report is systematically to search the world literature on MTBI and produce a bestevidence synthesis on the epidemiology (incidence, risk and prevention), diagnosis, treatment and prognosis regarding MTBI (3, 4) . This paper presents the best evidence on the incidence, risk factors and prevention of MTBI, and the other topics are dealt with elsewhere in this supplement. Our purpose is to create a baseline of the best scientific evidence that can inform clinicians, researchers and policymakers about MTBI.
METHODS
Our task force performed a comprehensive systematic search of the world literature on MTBI, the details of which are documented elsewhere (5) . Briefly, Medline and PsycInfo were searched from 1980 to 2000, Cinahal from 1982 to 2000 and Embase from 1988 to 2000. All languages were included. Indexed thesaurus terms (e.g. Medical Subject Headings for Medline) and text words, such as concussion, mild brain/ head injury and others were used to search these databases to ensure that all relevant articles were captured. We then screened the retrieved abstracts for relevancy to the mandate of the task force (6) , by applying our inclusion/exclusion criteria (5) . Briefly, these criteria included studies that refer to concussion, MTBI, or criteria that would indicate concussion or MTBI; studies that include data on more than 10 subjects with concussion or MTBI (with the exception of rare complications such as second impact syndrome); and studies that do not deal with penetrating brain injuries or brain damage due to birth trauma, shakenbaby syndrome, or other cerebrovascular events. We also excluded narrative reviews, editorials and letters without data, animal studies, cadaver studies and biomechanical simulation studies.
We then screened the published papers of relevant abstracts to ensure the study met our inclusion/exclusion criteria. Relevant papers wereundertaken in the past (7, 8) . We carefully considered the merits and biases of each paper separately, and our final decision on the scientific admissibility was made by group consensus (5) . Data from accepted papers were extracted into evidence tables that summarize their findings and form the basis of our conclusions and recommendations.
We also screened the reference lists of all reviewed papers to identify additional studies that might be relevant. These would include studies published prior to 1980 and literature not indexed in the electronic databases that we searched. We also solicited studies from experts in the field, brain injury associations, and other sources such as Internet sites and professional associations. In the spring of 2002, we screened Medline one last time, but reviewed only studies that were relevant and of high impact (5) . These included randomized clinical trials of interventions, large well-designed cohort and case-control studies, and other studies that addressed gaps in the knowledge on MTBI.
In this present report, we focus on the papers that address incidence, risk factors and prevention of MTBI. Since our mandate was limited to closed MTBI, we did not capture all studies that address prevention of traumatic brain injury in general. This is a limitation, since strategies that prevent moderate, severe and penetrating brain injury, might also prevent MTBI.
In order better to delineate the strength of the evidence on risk factors for MTBI, we have adapted a methodology that has been used to rank the hierarchy of evidence of prognostic factors in breast cancer, whiplash injury and MTBI (7, 9, 10) . This methodology distinguishes 3 types of studies of the determinants (risk or prognostic factors) of disease or injury. Phase I studies are hypothesis generating, descriptive investigations that explore crude associations between potential determinants and the outcome of interest (i.e. the onset or recovery from disease or injury). For example, a study that shows that a particular ethnic group has a greater risk for MTBI than other groups would be considered a phase I study. Phase II studies have exploratory, stratified and/or multivariable analyses that focus on determining which factors have important independent associations with the outcome of interest. Using the example, a phase II study might show that the crude association between ethnicity and MTBI remains strong when the results are stratified by age, indicating that this relationship is not changed by this third variable. Finally, phase III studies use more extensive multivariable analyses to confirm the strength and independence of proposed relationships between determinants and the outcome of interest that have been hypothesized in phase I and II studies. In our example, a phase III study would examine the strength and independence of the relationship between MTBI and ethnicity in a multivariable model that controls for any potential confounders of this relationship. For example, the crude (phase I) and stratified (phase II) relationships between ethnicity and MTBI might be confounded by socioeconomic status (SES). A phase III study would examine this relationship in a multivariable statistical model that includes MTBI as the outcome, ethnicity as the exposure variable and then tests the effect of each potential confounder on this relationship. Such a model might find that SES, or other factors explain (confound) the crude relationship between MTBI and ethnicity. Kraus et al. (11) provide a good example of a phase III study that examines the strength and independence of SES as a risk factor for serious brain injury after adjusting for age and ethnicity.
Our evidence tables report annual incidence rates as reported in the results of the original study or rates that we calculated from the raw data presented in each paper. Relative risks and their 95% confidence intervals are reported either directly from the study results, or as we calculated from the crude results. Exact confidence intervals were calculated using the statistical software Stata/SE (12) .
RESULTS
After applying our inclusion/exclusion criteria to 38,806 identified abstracts to assess their relevance to MTBI, 741 studies remained to be critically reviewed. Of these, 167 articles dealt with the incidence, risk factors and prevention of MTBI. Some members of our task force also completed 2 original research projects that addressed incidence, risk and prevention (13, 14) . These 2 studies were reviewed independently by the other members of the task force, giving a total of 169 reviewed studies on incidence, risk and prevention. After critical scientific appraisal, we accepted 121 (72%) of the 169 reviewed studies. Of these 121 studies, 91 are cohort studies, 3 are case-control studies, 4 are cross-sectional studies, 3 are randomized controlled trials, 13 are case series, 4 are systematic reviews and 3 are ecologic studies.
We have summarized our results on incidence and risk factors by stratifying our tables by geographic locations of the studies (North America vs other countries) and by age (adults vs children). We have also created separate tables addressing risk of MTBI and the effects of education and/or mandatory helmet legislation on the risk of injury while driving motorcycles and riding bicycles. Studies of the incidence and risk factors for MTBI in sports are considered separately, and we stratified our results by the various sporting activities. With respect to prevention, the majority of the reviewed studies address the usefulness of helmets in preventing head injury for those riding bicycles and motorcycles. However, because our literature search was limited to MTBI, we have not reviewed all of the TBI prevention literature. Nevertheless, we did include some of these studies, even if they were not restricted to MTBI.
Incidence and risk factors in adults with MTBI from North American studies
Our task force accepted 14 studies of the incidence and risk factors for MTBI from North America, and these are presented in chronological order of the years of investigation from 1935 to 1995 (Table I) . The source population for the studies varies from the entire US population (15) (16) (17) (18) (19) down to the state (20, 21) , county (22) (23) (24) (25) (26) (27) and city level (28) . Three studies focus on military personal (29) (30) (31) ) and 1 of these includes their dependents (31) . The inclusion/exclusion criteria vary considerably across the studies. Six focus on hospital admissions (17, 20, 21, (23) (24) (25) (26) (27) (28) 31 ), 1 on emergency room (ER) and outpatient visits (16) and 1 on both ER visits and hospital admissions (19) . One study includes those treated in hospitals, emergency rooms, as outpatients and during home visits (22) . Two studies focus on those treated in military medical facilities, without further specification (29, 30) . One Canadian study focuses on those injured in traffic mishaps (13) , and 2 studies include anyone reporting MTBI during a household survey (15, 18) .
Case definitions for the studies also varied considerably. For example, 5 studies used the International Classification for Disease (ICD) definitions of MTBI (16, 17, (29) (30) (31) ) and 2 used a computer conversion program (ICDMAP) to convert ICD-9 codes to an Abbreviated Injury Scale (AIS) definition of MTBI (AIS 1-2) (19, 20) . One defined MTBI as non-hospitalized head injuries (15) . Four studies employed clinical definitions of MTBI, including 2 that classified patients as having MTBI if their Glasgow Cancer Scale (GCS) score was 13-15 (21, (23) (24) (25) (26) (27) and 2 that defined MTBI as head injury with loss of consciousness (LOC) and post-traumatic amnesia (PTA) of 30 minutes or less (22, 28) . One study used a self or proxy-reported J Rehabil Med Suppl 43, 2004 ER = emergency room; LOC = loss of consciousness; PTA = post-traumatic amnesia; RR = relative risk; CI = confidence interval; ICD = International Classification of Diseases; NHIS = National Health Information Survey; CM = Clinical Modification; MVC = motor vehicle collision; MAP = a computer conversion program; GCS = Glasgow Coma Scale; AIS = Abbreviated Injury Scale; OR = the odds ratio; NHAMCS = National Hospital Ambulatory Medical Care Survey; NHDS = National Hospital Discharge Survey. N/A means the study did not address risk factors or did not provide explicit results for MTBI.
definition of MTBI (18) , and another defined MTBI as blunt trauma to the head from a traffic mishap with uncertain or certain LOC (13) . Given the different inception periods, diverse source populations, differing inclusion/exclusion criteria and various case definitions of the accepted studies of MTBI in North American adults, it is not surprising that the reported incidence rates vary from a low of 51 to a high of 618 per 100,000 inhabitants (Table  I) . Given this heterogeneity, it is not possible to report a summary rate.
Nine of the 14 incidence studies considered risk factors for MTBI, 5 of these were phase I studies and the other 4 phase II studies (Table I) . The phase I studies suggest that men have 1.4-2.1 times the risk of women for MTBI. The phase II studies yield similar results, although the risk estimates are more variable (RR = 0.88-2.5). One phase I and 1 phase II study suggest that general population African-Americans are at greater risk than Caucasians for MTBI (RR = 1.35-2.8) (16, 28) . However, 1 study of military personal shows that white females are at greater risk for MTBI than African-American females (30) . Another study suggests that younger individuals, aged 18-23 years, are at 3.8 times greater risk for traffic-related MTBI than those aged 50 years or older (13) . Overall, these reported risks are modest and there are no confirmatory analyses or phase III studies of risk factors for MTBI in North American adults.
Incidence and risk factors in adults with MTBI from non-North American studies
Our task force accepted 14 studies on MTBI incidence and risk factors that presented data from countries outside North America, including 7 from Scandinavia, 3 from other European countries, 1 from South Africa and 3 from Australasia (Tables  II-IV) . These studies cover inception periods from 1974 to 2000.
Of the 7 Scandinavian studies, 5 are from Sweden and 2 from Norway (Table II) . One Swedish study dealt only with concussions due to assaults in Stockholm (32) . Two studies took place in northern Sweden (33, 34) and the other 2 included the entire Swedish population (14, 35) . One Norwegian study took place in the Oslo area (36) and the other in northern Norway (37) . Four of the Scandinavian studies included hospital admissions only (14, (34) (35) (36) , 1 included those examined in the ER (32), another included ER patients and outpatients (33) , and the last included both those seen in the ER and those admitted to hospital (37) . In the study of assaults, there was no explicit definition of concussion (32) . Three studies used ICD 850 to define concussion (14, 34, 35) , and 1 used AIS 1-2 to define MTBI (33) . The remaining 2 studies used clinical definitions, including PTA of 24 hours or less (36) and . Incidence rates varied across these studies from a low of 83/ 100,000 for concussions due to assaults to a high of 718/100,000 for AIS 1-2 head injuries. Only 2 studies considered risk factors, and they showed that falls were the main cause of MTBI in the Tromsø region of northern Norway (37) , and that falls accounted for 50-60% of MTBI admitted to Swedish hospitals from 1987 to 2000, followed by traffic injuries at about 25% (14) .
The 3 other European studies and the South African study included inception periods from 1984 to 1988 and only included patients admitted to hospital (Table III) . MTBI was defined in 3 studies by and by contusion to the head without LOC, or with LOC of 15 minutes or less in the other study (41) . The incidence rate was lowest in Spain at 80/ 100,000, but this might be attributed to the case definition, which required the presence of LOC, skull fracture or neurological findings (40) . The rates in France (41) and Italy (39) were higher at 207 and 297/100,000, respectively. In the study from France, 59 .7% of the cases were caused by traffic collisions and 32.5% by falls.
The Australasian studies covered inception periods from 1986 to 1994 (Table IV) . The Auckland, New Zealand study included all patients seen at the emergency department and in the hospital (42) , while the Australian (43) and Taiwanese (44) studies included only hospital admissions. All 3 studies used clinical definitions for MTBI that considered LOC and PTA. The incidence of MTBI ranged from 64/100,000 in New South Wales, Australia to 782/100,000 in Auckland. The higher rate in Auckland could be attributed to a very liberal definition of brain injury (Table IV) . In Auckland, MTBI was more common in those 15 years of age and older. In the Australian study, traffic collisions were the most common cause of injury.
Incidence and risk factors in children with MTBI from North American studies
The task force accepted 5 North American studies on the incidence and risk factors in children with MTBI, all from the USA, covering time periods from 1978 to 1990 (Table V) . Three of the studies looked at the entire US population (45) (46) (47) (48) and the other 2 examined children with MTBI admitted to hospitals in San Diego County (49, 50) and Northern Manhattan (51) . Two studies focused on consumer product related injuries (45, 47, 48) , 2 on hospital admissions (49) (50) (51) and the other on injuries at day-care centres (46) . Two of the studies did not explicitly define concussion (45, 46) ; 1 used ICD-9 codes to find cases, and then defined minor concussion as LOC less than 1 hour (51); another study defined MTBI as transient impairment of consciousness (47, 48) and the other used GCS 13-15 to define MTBI (49, 50) . The highest rates of MTBI were reported for males and teenagers (Table V) . Of the 688 children up to 15 years of age admitted to San Diego hospitals in 1981 with a brain injury, 606 (88%) had a MTBI, and these accounted for 90% of the hospital bed days (49, 50) . Two of the studies looked at risk factors, identifying a 2-fold risk of concussion for males (47) and an increased risk in older children (51) . Sports and recreational equipment were the main consumer product causes for concussions in older children (48) . We also accepted a study of paediatric motor vehicle injuries that used the US National Pediatric Trauma Registry to look at the effectiveness of seat belts (not shown in Table V ) (52) . The results did not include an incidence rate for MTBI or specific risk factors. It did, however, J Rehabil Med Suppl 43, 2004 Phase I: Falls accounted for the majority of cases (50-60%) followed by traffic injuries at about 25% PTA = post-traumatic amnesia; N/A = the study did not address risk factors or did not provide explicit results for MTBI; ICD = International Classification of Diseases; AIS = Abbreviated Injury Scale; CI = confidence interval; ER = emergency room; HISS = Head Injury Severity Scale; GCS = Glasgow Coma Scale; LOC = loss of consciousness. The overall incidence of admitted head injury was 91/100,000 and 88% were classified as minor, giving an incidence of 80/ 100,000 N/A GCS = Glasgow Coma Scale; N/A = the study did not address risk factors or did not provide explicit results for MTBI; LOC = loss of consciousness; AIS = Abbreviated Injury Scale; ISS = Injury Severity Scale.
J Rehabil Med Suppl 43, 2004 suggest that head injuries are more severe in children who are not belted at the time of the crash.
Incidence and risk factors in children with MTBI from nonNorth American studies
We accepted 6 non-North American studies on the incidence and risk factors for paediatric MTBI that spanned inception periods from 1972 to 1995 (Table VI) . These studies were conducted in New Zealand (53) (58). The New Zealand study followed a birth cohort to their ninth birthday and then assessed the number of concussions in the preceding 2 years. Only 1.8% of these children's parents reported a concussion in their child in the preceding 2 years. Only 1 study looked at risk factors, and it showed that males were at 50% greater risk for MTBI compared with females (56).
Incidence and risk factors for MTBI associated with motorcycle collisions
Our task force accepted 5 studies on the incidence and risk factors for MTBI associated with motorcycle collisions, covering inception periods from 1977 through to 1992 (Table VII) . Two of the 3 US studies came from the State of Illinois (59, 60) and the other from the State of Connecticut (61) . One study came from the county of Skaraborg, Sweden (62) , and the final study came from Taipei, Taiwan (63) . The Swedish study included moped collisions and the Taipei study included a majority of collisions involving step-through scooters. Two studies obtained cases from the ER (59, 63) and the others included hospital admissions only (60) (61) (62) . Three of the studies did not explicitly define MTBI (59, 61, 62) and the other 2 used GCS 13-15 (63) and AIS 1-2 (60) to define MTBI. In Connecticut, 3.3% of all motorcycle-related injuries were coded as concussions; while in Skaraborg, Sweden, 39% of all mopedrelated injuries and 44% of all motorcycle-related injuries were defined as concussions. One study showed that the mean admission GCS score for head-injured motorcyclists that had not worn a helmet was lower (13.7) than in those that had worn a helmet (14.4) (59). Another study showed that TBI was more common in injured motorcyclists not wearing helmets (60) . One N/A ER = emergency room; RR = relative risk; CI = confidence interval; LOC = loss of consciousness; PTA = post-traumatic amnesia; ICD = International Classification of Diseases; GCS = Glasgow Coma Scale; N/A = the study did not address risk factors or did not provide explicit results for MTBI. N/A = the study did not address risk factors or did not provide explicit results for MTBI; ER = emergency room; AIS = Abbreviated Injury Scale; ISS = Injury Severity Scale; GCS = Glasgow Coma Scale; ICD-9 CM = International Classification of Diseases (9th edn) Clinical Modification; OR = odds ratio; CI = confidence interval; TBI = traumatic brain injury.
case-control study showed a significantly reduced risk for head injury in motorcyclists wearing a full-face-shield helmet compared with a half-face-shield helmet and no helmet (63) . We also accepted 4 studies of the effect of legislation on the risk of MTBI associated with motorcycle collisions (Table VIII) . Three of these studies used the same data set on injured motorcyclists presenting to a sample of emergency rooms and admitted to a sample of hospitals in California, excluding Orange County, before and after the implementation of a motorcycle helmet law in 1992 (64) (65) (66) . The other study reported on the proportion of MTBI admitted to hospital in Taiwan, before and after implementation of a helmet law in 1997 (67) . The 3 Californian papers reported on different outcome measures, and all indicated a decrease in head injury severity for helmeted motorcyclists and an important protective effect for helmet use. In both jurisdictions, the law significantly increased the use of motorcycle helmets. In California, the proportion of MTBI in head-injured motorcyclists presenting to ER and admitted to hospitals increased, but the number and severity of all head injuries decreased overall. In Taiwan, the proportion of MTBI admitted to hospital remained the same after the law, but the number of cases decreased by 32%. These studies show that helmet legislation is an important preventive strategy for motorcycle-related head injury.
Incidence and risk factors for MTBI associated with bicycle collisions
Our task force accepted 7 studies dealing with the incidence of MTBI associated with bicycle collisions that spanned inception periods from 1981 to 1995 (Table IX) . However, in only 2 of these studies was it possible to calculate an incidence rate for bicycle-related MTBI because the authors provided enough information about the population at risk (denominator) (25, 68) . The other studies gave crude numbers of injuries only. Four of the studies originated from the USA (25, 69-71) and 1 each came from Australia (72), Canada (73) and northern Sweden (68) . The inclusion/exclusion criteria varied, with 3 including hospital admissions only (25, 70, 72) and the other 4 including patients treated at emergency rooms (68, 69, 71, 73) . Two studies defined MTBI as ICD-850 (70, 71), 2 used GCS 13-15 (25, 72), 1 used AIS-2 (68), another used a clinical definition of concussion that included the presence of LOC and amnesia (69) and 1 did not have an explicit definition of MTBI (73) . The results of these studies are variable, but all show that MTBI is a common bicycle-related head injury. In northern Sweden, the incidence of hospital-treated, bicycle-related MTBI in 1985-86 was 49.7/100,000 population (68) and in 1981 in San Diego County, it was 11.6/100,000 (25) . The higher rate in Sweden might reflect greater use of bicycles for transportation, a lower rate of helmet use and/or the inclusion of those treated as outpatients.
The task force also accepted as evidence 3 original studies and a meta-analysis of the effect of helmets in preventing MTBI in bicycle crashes (Table X) . Two of the original studies were completed in Australia (74, 75) and the other in Seattle, Washington (76) . They span inception periods from 1986 to 1992. One study of hospital-treated bicycle injuries showed that head injuries occurred significantly less in those wearing approved helmets (74) . The other 2 studies used a case-control approach to measure the risk reduction associated with helmet use (75, 76) . Both reported a significant protective effect for helmets. In addition, the meta-analysis confirmed that helmets substantially reduce the risk of brain injury in bicyclists (77) .
Since our literature search strategy was confined to MTBI, we did not comprehensively search for all studies addressing prevention of traumatic brain injury. For example, we did not focus our search to find studies on educational interventions to promote helmet use in bicyclists, even though this might prevent some MTBI. Nevertheless, we found and reviewed some of these studies (Table XI) . Of the 4 we accepted, 3 are ecologic studies (78-80) and 1 is a randomized controlled trial (81) . All showed varying degrees of increased helmet use after various educational interventions, including subsidizing the cost of helmet purchases. One study suggested that education was less successful in a low-income group (79) .
We also accepted 3 studies of the effect of bicycle helmet legislation on the risk of head injury, even though they did not address MTBI directly (Table XII) . Two of the studies used a historical cohort design (82, 83) and the other was a crosssectional analysis (84) . All came from North America, including 2 from the USA (82, 84) and 1 from Canada (83). The 2 US studies showed a modest increase in helmet use after legislation, and the Canadian study documented a 45% reduction in paediatric head-injury hospital admissions after mandatory bicycle helmet legislation.
Incidence and risk factors for MTBI associated with sports
Our task force accepted 10 studies concerning the incidence and risk factors for concussion while playing rugby (Table XIII) . Six of the studies came from Australia (85-90), 3 from the UK (91-94) and 1 from New Zealand (95) . All were completed between 1979 and 1994, except for 1, where the date of the data collection was not specified (87) . Two studies focused on children playing rugby (88, 93) and the others focused on older teenagers and adults. Two studies included female players (88, 95) . Although all the studies either included an incidence rate for concussions or gave enough information to calculate a rate, only 2 explicitly defined concussion (87, 89) . Six studies yielded rates of concussions in games only (85, 86, 89, 91, 92, 94, 95) and the other 4 included concussions occurring during training and games (87, 88, 90, 93) . Overall, the concussion rates for games varied from 0.62 to 8.0/1000 athlete-gamehours. For games and practices combined, the range of rates was from 0.1/1000 athlete-hours for children under 15 years of age (88) to 17.1/1000 athlete-hours for senior players in Edinburgh (93) . One athlete-hour of exposure refers to 1 athlete being exposed to the possibility of sustaining an injury during 1 hour of play or practice. Only 1 study focused on risk factors, showing that forwards have twice the risk of backs for concussion (92, 94) . Results based on 8795 non-fatally injured riders Phase I: The proportion of MTBI remained stable at about 80% before and after the law, but there was a 32% decrease in the number of MTBI cases after the law. Helmet use increased from 21% to 96% after the law ER = emergency room; MAIS = Maximum Abbreviated Injury Scale; N/A = the study did not report the incidence of MTBI; GCS = Glasgow Coma Scale; RR = relative risk; CI = confidence interval; IIS = Injury Impairment Scale; OR = odds ratio.
J Rehabil Med Suppl 43, 2004 ER = emergency room; TBI = traumatic brain injury; LOC = loss of consciousness; OR = odds ratio; CI = confidence interval; AIS = Abbreviated Injury Scale; MAIS = Maximum Abbreviated Injury Scale; ISS = Injury Severity Scale; GCS = Glasgow Coma Scale; PTA = post-traumatic amnesia.
The task force accepted 7 studies of the incidence and risk factors for concussion during American football, 6 from the US and 1 from Canada (Table XIV) . The studies have inception periods from 1975 to 1997 and do not include females. Three studies looked at high-school injuries (96) (97) (98) , 3 looked at college injuries (99-102) and 1 included both high-school and college American football players (103) . Two studies explicitly defined concussion (97, 103) and the others did not. All studies included injuries that occurred during games and practices, but only 3 stratified rates by practice and games (98) (99) (100) 103) . This is a problem, in that 1 study showed an 11-fold increase in the risk of concussion during games vs practices (98) . Overall, game rates varied from 2.8/1000 athlete-exposures for high-school athletes (98) to 3.3/1000 athlete-exposures for college athletes (99, 100) . Practice rates varied from 0.25/1000 athlete-exposures for high-school athletes (98) to 0.46/1000 athleteexposures for college athletes (99, 100). One athlete-exposure refers to 1 athlete being exposed to the possibility of sustaining an injury during either a game or a practice session. Quarterbacks, running backs and defensive secondary players had the greatest risk for concussion (98-100), and players with a previous history of concussion had an elevated risk for a second concussion (98, 102) . This finding, however, might be confounded by player position. In 1 study, the rates of concussion varied by the type of helmet worn (102) .
There were only 4 acceptable studies on the incidence and risk of MTBI in soccer players, all from the USA with study inception periods from 1993 to 1997 (Table XV) . One study included male and female players at an indoor arena in Cincinnati over a 7-week period (104) . Another study included male and female participants at an Olympic festival (105), while another included male and female college players (106) . The final study included high-school boys and girls (98) . Only 1 study provided an explicit definition of concussion (106) . Three of the studies included concussions sustained during games and practices, and the other just included games (104) . The study of high-school athletes gave separate rates for games and practices (98) . The Cincinnati study included a wide age group, from as young as 12 years to over 25 years of age. The authors reported no concussions in females (95% CI 0-3.20/1000 athlete-gamehours) and 2 concussions in males, giving a rate of 1.29/1000 athlete-game-hours (104) . For college soccer players, males had an incidence of 0.6/1000 athlete-exposures and females had an incidence of 0.4/1000 athlete-exposures during games and practices (106) . High-school boys had an incidence of 0.57/ 1000 game-exposures and 0.04/1000 practice-exposures. Highschool girls had an incidence of 0.71/1000 game-exposures and 0.05/1000 practice-exposures (98) .
The task force accepted 5 studies of concussion in ice-hockey players, 2 involving male Canadian college players (107-109), 1 including males from the Danish elite league (110), 1 of males from the Swedish elite league (111) and 1 of males and females in a community-based tournament in Minnesota (112) (Table  XVI) . In 1 of these studies, there was an explicit definition of concussion (111) . It is not possible to compare the incidence Control: no intervention Randomized controlled trial: Helmet use increased by 55% in both intervention groups and by 16% in the control group. Helmet ownership accounted for 70% of the variance in helmet use at follow up N/A = the study did not report MTBI-specific findings.
J Rehabil Med Suppl 43, 2004 rates across these studies since the denominators include different activities at risk, such as league and non-league games (109), practice and game time (107, 108, 110) and different age groups. One Canadian college study of league and non-league games reported 1.5 concussions per 1000 athlete-game-hours (109) , and the Swedish study of elite players reported 6.5 concussions per 1000 athlete-game hours (111) . The Minnesota tournament included girls and boys, ages [11] [12] [13] [14] [15] [16] [17] [18] [19] . In this study, there were no reported concussions in girls, but boys had an incidence rate of 17.6/1000 athlete-game-hours (112) . The other Canadian college study showed similar concussion rates for games and practices in college players wearing full vs half-face shields, even though the former reduced dental and facial injuries (107, 108) . Our task force accepted 10 studies concerning fighting sports, spanning inception periods from 1976 to 1999 (Table XVII) . These include 3 studies of boxing (113-115) and 7 of martial arts, including 2 studies of karate (116, 117) and 5 of taekwondo (118) (119) (120) (121) (122) . The boxing studies only include young males, but all of the martial arts studies included men and women, except 1 study of karate that only included men (117) . There was only 1 study of children, aged 6-16 years, in a junior taekwondo championship (122) . Only 4 of the studies included explicit definitions of brain injury (114, 115, 119, 121) . It is difficult to compare the incidence rates of MTBI between boxing and martial arts because the boxing studies use different denominators to capture time at risk and include different levels of competition. However, Dublin amateur boxers experienced 7.9 concussions/1000 minutes of exposure (114) compared with 0.95 concussions/1000 minutes of exposure in US male senior taekwondo championship contenders (121) . With respect to taekwondo, the concussion rates in males varied from 5.1 to 15.5/1000 athlete-exposures as opposed to women, where the rates varied from 2.4 to 8.8/1000 athlete-exposures. There was little information about risk factors for MTBI in these studies.
The task force accepted 3 studies of the incidence and risk of MTBI in Nordic or winter sports (Table XVIII) . These include studies of ski jumpers (123) and luge athletes (124) at the Lake Placid Olympic Training Center and a study of all skiing injuries that occurred over 1 winter in Trondheim, Norway (125) . Although the number of concussions is reported in these studies, none explicitly defined concussion. Furthermore, 2 of these studies do not provide a denominator of person-time or number of persons at risk, so it is not possible to calculate an incidence rate for MTBI. The study of luge athletes yields an incidence of 0.17 concussions/1000 runs (124) . These studies did not quantitatively assess risk factors for concussion during these activities.
We also accepted 4 studies of the incidence and risk of concussion during leisure activities such as playing on trampolines (126) , riding all-terrain vehicles (127, 128) and riding horses (129) (Table XIX) . However, because these studies do not provide person-time or number of persons at risk, we could not calculate incidence rates. The authors present the proportion of concussions among head injuries or among all injuries. None of these studies quantitatively accessed risk factors for concussion during these activities. One study that deserves attention is a large and comprehensive report of the incidence and risk of MTBI in US high-school athletes over a 3-year period from 1995 to 1997 (Table XX) (98) . We have already highlighted some results from this study with respect to American football and soccer injuries in Tables XIV  and XV , respectively. However, the study also gives incidence and risk information about boys and girls playing basketball and baseball, boys' wrestling, and girls' field hockey and volleyball. A total of 114 high-schools participated in this study over a 3-year period , and concussions where identified by certified athletic trainers. The results show that boys' American football has the highest rate of concussion at 2.82/1000 athletegame-exposures. For girls, soccer has the highest incidence at 0.71 concussions/1000 athlete-game-exposures. For boys, baseball has the lowest rate at 0.12 concussions/1000 athlete-gameexposures, and for girls, volleyball has the lowest rate at 0.01 concussions/1000 athlete-game-exposures. In most cases, the risk of injury is greater during games than during practice sessions.
Second impact syndrome
The task force accepted 1 study on the incidence and risk of second impact syndrome (SIS) during sports (Table XXI) (130) . This systematic review of case reports of SIS found 17 published reports, but only 5 cases satisfied the authors' criteria for "probable SIS". The authors conclude that the evidence that a first concussion is a risk factor for a second concussion with diffuse cerebral swelling and catastrophic deterioration is not established, and that the incidence of this rare outcome is not known.
DISCUSSION
Our task force accepted 119 (71%) of the 167 papers that we reviewed and when we include our 2 original research studies, we have a total of 121 studies on the incidence, risk factors and prevention of MTBI. However, this literature has many limitations, and it is difficult to draw consistent conclusions from it. Some of these problems are inherent in all studies of MTBI. For example, there is no universally accepted definition of MTBI, and the studies are so heterogeneous that it is difficult to compare incidence rates and risk factors. Different authors use different criteria to define and ascertain cases of MTBI, and these criteria are all susceptible to information bias and misclassification of cases. One major problem is the lack of a standard definition of the lower range of severity for MTBI. In particular, studies of sport injuries that define athletes as being concussed when they have been "dinged," and suffer from momentary feelings of being dazed, would include more cases than studies that require evidence of LOC or PTA. As can be seen from our evidence tables, many studies do not even include a definition of MTBI, particularly studies of sports concussions. Those studies that use the common criteria of GCS [13] [14] [15] define MTBI also do not specify the mildest end of the severity spectrum. Other studies that define MTBI by ICD coding are also susceptible to information bias. For example, 1 accepted study showed that the commonly used ICD definition of ICD 850 (concussion) captured only 23% of MTBI admitted to hospital. In that study, 71% of the MTBI was coded as ICD 854 (intracranial injury of other and unspecified nature) (43) . Another study showed a huge disagreement between the numbers of TBI cases captured from hospital discharge codes and the emergency room registry (131) . Also, in studies where MTBI is coded as AIS 1-2, there is the possibility of missing cases and misclassifying other cases as MTBI. There is an urgent need for workable clinical and surveillance definitions of MTBI and subsequent studies to validate various methods of capturing cases (132) . Until there is some consistency of definitions and appropriate validation of them, studies of the incidence of MTBI will remain so heterogeneous that we will be unable to compare the incidence rates.
Another obvious problem is that many studies do not identify the population at risk that should form the denominator in any incidence calculation. Many studies report the number of cases admitted to hospitals over a specified time period, but do not provide information on the population at risk of being admitted. Without this information, the authors can only report on the proportion of MTBI cases, among all injuries, or among all head injuries, seen at these institutions. In some cases, it might not be possible to determine a denominator, since it is difficult to define the population that is exclusively served by these institutions. Nevertheless, there are good examples in our tables where authors did define the population at risk for hospitalization and were able to calculate an incidence rate based on that information (22, 23, 26-28, 33, 34, 37, 39-42, 51) . We also found some excellent studies that included entire populations at risk (16, 18-21, 30, 35, 47) . Special mention should be made of studies of concussion in sports (Tables XIII-XX) . Many of these studies report person-time at risk and provide incidence density calculations, rather than just the cumulative incidence. Whenever possible, it is desirable to present the incidence density, since the incidence density denominator is a more accurate measure of the population-time at risk.
Our accepted studies also have variable inclusion/exclusion criteria that impact on the interpretation of the findings. Many of the studies include hospital admissions only. This is a problem since hospital admission policy for MTBI can vary over jurisdictions and time (19) . In addition, these studies fail to capture cases of MTBI treated at the ER, but not admitted to hospital. All of the studies that use hospital discharge data suffer from this selection bias. Even studies that capture ER cases miss those that are treated at outpatient clinics away from the hospital, or receive no treatment at all. One population-based survey of self-reported MTBI in the USA showed that 25% of those reporting a brain injury did not seek medical care (18) . This same study reported that 25% of cases were admitted to hospital, 35% were seen at the hospital ER without being admitted and 14% attended private clinics and medical offices. N/A = the study did not address risk factors or did not provide explicit results for MTBI; CI = confidence interval; LOC = loss of consciousness; PTA = post-traumatic amnesia; RR = relative risk. J Rehabil Med Suppl 43, 2004 With respect to sports-related concussions, some studies include injuries that occur during games and practices, but do not produce separate incidence rates for these activities. This is a problem, since in many sports the incidence rate for concussions is much higher during games than practices (98, 106, 111, 115) . Many incidence studies of concussion in sports define all injuries, including concussions, by an inability to continue play. This definition would vary depending on the threshold of the athletes to continue after injury, or even the threshold of the coaching and training staff for the same. Despite the foregoing limitations of the studies that we present in our Tables, there are some important conclusions that we can make from this literature. In most studies, MTBI represents between 70% and 90% of all adult TBI cases treated at hospital ER and/or admitted to hospitals, giving incidence rates that vary from about 100 to 300/100,000 adults at risk (Tables I-IV) . The incidence of hospital-treated cases seems to be slightly lower in the USA than elsewhere, but this could be due to different definitions of cases and varying inclusion/ exclusion criteria for studies, or different hospital admission policies. Two studies, 1 from northern Sweden (33) and 1 from Auckland, New Zealand (42), reported much higher incidence rates for hospital-treated MTBI, at 718/100,000 and 782/ 100,000, respectively. The reason for these higher rates is not clear. However, 2 high-quality national household surveys from the US showed that the incidence of self-or proxy-reported TBI was more than 600/100,000 and that most cases could be considered MTBI, in that many did not seek medical care and less than 25% were admitted to hospital (15, 18) . These findings suggest that the incidence of adult MTBI is much higher than most studies report, and is highly dependent on the method of case definition and ascertainment. There is good evidence that the incidence of MTBI is mostly underestimated when rates are based on those presenting to hospitals.
Of the 27 accepted studies of the incidence of MTBI in adults, only 13 addressed risk factors. Of these, 9 reported crude associations (phase I studies) and the other 4 reported associations from stratified or exploratory multivariable analyses (phase II studies). There were no confirmatory phase III studies. Thus, we have limited information on risk factors for adult MTBI. Nevertheless, these studies do consistently suggest that the risk for MTBI is greater for males and higher in teenage and young adults (Tables I-IV) . There is also some evidence that the risk might be greater in African-Americans than Caucasians in the USA, but this relationship is likely confounded by socioeconomic status, or other risk factors (11, 16, 28) . For example, 1 study of active duty US army personnel showed that white men and women aged 18-24 years had a greater risk for MTBI than their African-American counterparts (30) . This suggests that ethnic risk factors are confounded by other determinants. Several studies report that MTBI is mostly caused by motorvehicle collisions and falls (20, 37, 41, 43) .
We have very limited information on paediatric MTBI (Tables V and VI) . For the most part, 80-90% of treated paediatric head injuries are mild (49, 51, 54, 56, 57) , but there is J Rehabil Med Suppl 43, 2004 limited information on the incidence rate. One study of children aged 0-14 years showed that the incidence of hospital-admitted TBI in Denmark decreased from 430/100,000 in 1979 to 240/ 100,000 in 1993, and that the majority (88% for boys and 90% for girls) of these injuries were coded as ICD-850 (concussion) (54) . Only 3 of the 11 accepted paediatric studies looked at risk factors for MTBI, and all of these were phase I studies of crude relationships. Two studies showed an elevated risk for boys compared with girls (RR 1.5-2) (47, 56) . One study showed an increased risk for older children compared with the very young (51) , and another study showed that sports and recreational equipment were the main cause of injury in older children (48) . Given the sparse literature on the incidence and risk of paediatric MTBI, there is important and immediate need for more studies (132) . There is little doubt that head injury is an important consequence of many motorcycle collisions. With respect to MTBI, the accepted studies indicate that about 30-40% of hospitaladmitted, motorcycle-related TBI is mild (60, 62) . We also found strong evidence (phase III studies) that the use of a motorcycle helmet cuts the risk of brain injury by half (63, 65) . Furthermore, we accepted 2 studies that convincingly showed that the implementation of legislation for mandatory motorcycle helmet use increased the number of helmeted motorcyclists (65, 67) , decreased the number of hospital-treated head injuries (65) , decreased the severity of motor-cycle-related TBI (64) and decreased the risk of future impairment from head injury (66) . Our task force strongly recommends such legislation for all jurisdictions.
Like motorcyclists, bicyclists are also at risk for head injury. Our task force accepted as evidence 19 studies dealing with this issue (Tables IX-XII) . These results are similar to those dealing with motorcycle-related head injury. About 80-90% of hospitaltreated, bicycle-related head injuries are mild (25, 69, 72) . We accepted 2 studies that showed convincing evidence (phase III) that helmets substantially reduce the risk of bicycle-related TBI (75, 76) , and 1 meta-analysis that showed helmets reduce this risk by more than half (77) . We also accepted several ecologic studies that suggest that educational interventions can increase bicycle helmet use in children, and this was confirmed by a randomized controlled trial (Table XI) . Three accepted studies also showed that mandatory bicycle-helmet legislation increases helmet use and reduces hospital admissions for head injury (Table XII) . This task force strongly recommends that both education and mandatory bicycle-helmet legislation be adopted in all jurisdictions.
Recreational and sporting activities can lead to head injury, and our task force accepted studies addressing this issue in rugby, American football, soccer, ice hockey, fighting sports (boxing, karate and taekwondo), Nordic sports (skiing, ski jumping and luge), leisure activities (trampoline jumping, allterrain vehicle riding and horse-back riding) and several other sports as reported by high-school athletes (basketball, baseball, softball, wrestling, field hockey and volleyball) (Tables XIII-XX) . As previously mentioned, many of these studies provided exact denominator information of person-time at risk, which allowed the presentation of incidence density rates (e.g. concussions per 1000 athlete-game-hours or per 1000 athleteexposures). On the other hand, many of the studies did not have an explicit definition of MTBI or concussion, stating only that the injury was defined as causing cessation of play or was diagnosed by medical or training staff. In addition, the inclusion/ exclusion criteria of these studies differed, with different levels of play (practice/games, amateur/professional, male/female, children/adults). In general, the injury rates were lower for practice, in amateurs, in women and in children. Therefore, it is important to stratify the results by these factors. With respect to rugby, studies of Australian men's league play yield fairly consistent estimates of concussions within the range of 1.6-3/1000 athlete-game-hours (86, 89) . Other rugby studies from the UK yield highly variable rates from 0.6 to 8/1000 athlete-game-hours (91, 94) . For American college and highschool males playing American football, concussion rates varied from 1.3 to 3.3/1000 athlete-game-exposures (99, 103) . For soccer, 1 US study gave a rate of 1.3 concussions/1000 athletegame-hours for males aged 12 to over 25 years of age (104) . The concussion rate for young males playing Canadian college ice hockey was reported at 1.5/1000 athlete-game-hours (109), but was much higher in the Swedish elite league for men at 6.5/1000 athlete-game-hours (111) . For fighting sports, the rate of concussion for senior men competing in taekwondo championships varied from 7 to 15.5/1000 athlete-exposures (120, 121) and was 2.5-9/1000 athlete-exposures for women (120, 121) . These findings suggest that rates for rugby, American football, soccer and hockey are similar, and that taekwondo has the highest risk of concussion among these sports. However, there is a lack of studies of the rate of concussion from professional soccer, American professional football, and professional hockey. Our task force was surprised by this lack of published information, since concussions in American professional football and hockey have been the topic of much media attention and speculation in North America. Furthermore, there is also a surprising lack of published information on the risk of concussion during professional boxing. Our task force recommends that studies of the incidence of concussions in these sports be undertaken as soon as possible, given the potential health risks to participants (132) .
With respect to high-school sports, the risk of concussion per athlete-game-exposure in boys is 2.8 for American football, 0.6 for soccer, 0.5 for wrestling, 0.3 for basketball and 0.1 for baseball. For girls, the risk of concussion per athlete-gameexposure is 0.7 for soccer, 0.4 for basketball, 0.3 for field hockey, 0.1 for softball and 0.01 for volleyball. These rates are based on 1 high-quality study (98) and we recommend more studies to corroborate these findings.
There have been several case reports of athletes dying due to rapid development of increased intracranial pressure after a second concussive impact that occurs before an athlete has recovered from an initial concussion. Our task force considered this issue, also known as second impact syndrome (SIS). Most of these cases have been reported in young males playing American football and hockey, or during boxing. All of them are from North America, and these reports prompted the Centers for Disease Control to publish guidelines, developed by the American Academy of Neurology, on the management of concussions in sports to try to prevent SIS (133) . Our task force reviewed these cases and accepted 1 study that systematically reviewed this issue and the published cases (130) . Based on this evidence, we agree with McCrory & Berkovic (130) that the evidence that a second concussion increases the risk for diffuse cerebral swelling and death is not well established. However, death from diffuse cerebral swelling does occur in rare cases of MTBI, and the risk of repeated concussion can be elevated in some individuals, whether due to position played (i.e. quarterback in American football) or other unknown factors. Therefore, we recommend continued surveillance to document cases and further studies of risk factors for death after MTBI or concussion.
CONCLUSION
The literature on the incidence, risk and prevention of MTBI is very heterogeneous, which limits our ability to draw consistent conclusions. Variations in the definition of MTBI, difficulties defining the population at risk in the studies and variable inclusion/exclusion criteria are all significant problems in summarizing the study results. Given these limitations, we estimate that MTBI represents between 70% and 90% of all treated TBI, and that the rate of hospital-treatment in adults with MTBI ranges from about 100 to 300/100,000. We also accept that that a large number of MTBI cases are not treated at hospitals and that the actual rate of all MTBI is probably in excess of 600/100,000. We also accept that men have about twice the risk of women for MTBI and that the risk is greatest in teenagers and young adults. The data also suggests that motorvehicle collisions and falls are the main causes of MTBI. We also accept that motorcycle and bicycle helmets can prevent some MTBI, and that mandatory helmet legislation and educational strategies on helmet use are important for prevention. Finally, there is evidence that MTBI or concussion is a concern in some sporting activities, especially in competition taekwondo. However, there is a striking lack of studies of the incidence of MTBI in American profession football, hockey and boxing. The reason for this is not clear, given the media attention and reports of concussions ending the careers of professional athletes in these sports. There is an obvious need for studies of the incidence of concussion in these sports.
Finally, incidence studies are an important source of information. The incidence rate gives us information on the frequency of MTBI and allows the determination of risk factors that can guide prevention strategies for those at risk. When incident cases are followed over time, information on prognosis can also be determined, which also guides treatment and healthcare resource allocations. This paper summarizes the MTBI literature on incidence, risk and prevention, draws conclusions J Rehabil Med Suppl 43, 2004 about MTBI based on this literature and highlights some strengths and weakness in this information. It provides a baseline of knowledge on these topics, which can guide future research endeavours (132) .
